Symmetry analysis and self-similar forms of fluid flow and heat-mass transfer in turbulent boundary layer flow of a nanofluid Phys. Fluids 24, 092003 (2012) Detuned resonances of Tollmien-Schlichting waves in an airfoil boundary layer: Experiment, theory, and direct numerical simulation Phys. Fluids 24, 094103 (2012) Asymptotic expansion of the solution of the steady Stokes equation with variable viscosity in a two-dimensional tube structure J. Math. Phys. 53, 103702 (2012) Large-eddy simulation of turbulent channel flow using explicit filtering and dynamic mixed models Phys. Fluids 24, 085105 (2012) Additional information on Phys. Fluids (2010)] to calculate the statistics of the fluctuating streamwise velocity in the inner region. Results, including spectra and moments up to fourth order, are compared with equivalent predictions using experimental time series, as well as with direct experimental measurements at Reynolds numbers Re τ = 7300, 13 600, and 19 000. The LES combined with the wall model are then used to extend the inner-layer predictions to Reynolds numbers Re τ = 62 000, 100 000, and 200 000 that lie within a gap in log (Re τ ) space between laboratory measurements and surface-layer, atmospheric experiments. The present results support a loglike increase in the near-wall peak of the streamwise turbulence intensities with Re τ and also provide a means of extending LES results at large Reynolds numbers to the nearwall region of wall-bounded turbulent flows. C 2012 American Institute of Physics.
I. INTRODUCTION
It has long been known that wall-bounded turbulent flows at moderate to large Reynolds number contain an extremely large range of eddy length scales. For the flat plate turbulent boundary layer, one measure of this is the friction Reynolds number Re τ ≡ u τ δ/ν, where u τ ≡ √ τ w /ρ is the friction or inner velocity scale and δ, τ w , ν, ρ are the boundary layer thickness, wall shear stress, fluid kinematic viscosity, and density, respectively. Recent experimental studies at large Re τ , however, have suggested that δ is not itself the largest dynamically active length scale in the zero-pressure gradient turbulent boundary layer (ZPGTBL). Convincing evidence [1] [2] [3] [4] [5] [6] indicates that there exists very large-scale motions (VLSMs) or "superstructures" with scales of order 15−20δ within the outer logarithmic part of the turbulent boundary layer. It is hypothesized that these elongated structures are slightly inclined to the horizontal and may be accompanied by large-scale counter-rotating roll-like modes; see Mathis et al. 7 for a summary and discussion. It has also been highlighted that the dynamical influence of the large-scale events extends to the wall where they affect the small-scale, near-wall fluctuations, in a significant way. Metzger and Klewicki 8 showed that long wavelength motions, which scale on outer variables, have a significant effect on second, third, and fourth moments of the turbulence near the wall.
The studies of Abe et al. 9 and Hutchins and Marusic 6 have clearly indicated that the large-scale motions are felt all the way down to the wall, as a strong imprint (consistent with the attached eddy a) Electronic mail: minoue@caltech.edu. hypothesis of Townsend 10 ). Furthermore, Mathis et al. 11 have shown that their influence is not simply a superposition, but also that these large-scale motions, associated with the log-region, substantially amplitude modulate the near-wall small-scale structures. In their work, Mathis et al. 11 developed a mathematical tool to quantify the degree of modulation. Recently, Marusic et al. 12 and Mathis et al. 7 incorporated these ideas into an algebraic model that enables the prediction of near-wall statistics of turbulent streamwise velocity fluctuations using a single-point log-layer time-series signal as an input. Further details on this model are given in Sec. II A. Investigations using either direct numerical simulation (DNS) or large-eddy simulations (LES) of near-wall turbulence -for long-domain boundary layers at the largest laboratory Reynolds numbers presently achievable or for atmospheric boundary layers -have been hampered owing to the presence of small yet dynamically important anisotropic near-wall structures. The requirements for resolving both near-wall small eddies and large-scale structures severely limit the range of Re τ accessible by both DNS and wall-resolved LES (in which near-wall structures are at least partially resolved). A further requirement is the capability of capturing variations ∼O(log (Re τ )) in some important quantities, such as the wall skin-friction coefficient for smooth-wall flow. An alternative to wallresolved LES is the use of wall-models specifically constructed to represent the effect of near-wall anisotropic eddies (see Piomelli 13 for a review). While a principal objective of wall-modeled LES is to avoid the necessity of explicit resolution of near-wall turbulent structures, this comes with the price that some flow properties -such as the detailed near-wall statistics and their dependence on the presence of large-scales in the outer flow -cannot be investigated directly. We address this issue presently.
The main purpose of the present work is to examine the near-wall region of zero-pressure gradient turbulent boundary layer using a combination of wall-modeled LES coupled to a predictive wall model 7, 12 at Reynolds numbers which have been not yet accessible, by either numerical simulation or laboratory experiment. Specifically, we utilize a wall-modeled LES (Ref. 14) to provide the largescale log-region velocity time series as the input to the predictive near-wall model of Marusic et al. 12 and Mathis et al. 7 The combined LES and predictive inner-outer model potentially extends the LES capability to high Reynolds numbers, spanning the gap between laboratory turbulent boundarylayers and atmospheric surface-layers. This allows us to address some open questions regarding the large-scale effects on the near-wall statistics and their dependency on Reynolds number. For instance, the existence of an outer peak in the turbulent fluctuations profile remains controversial, and it would be only evident at very high Reynolds number. 15, 16 Brief accounts of both the predictive inner-outer model and subgrid-scale (SGS) model employed in the current LES are described in Sec. II. This is followed by an account of the LES in Sec. III. Discussion of results is found in Secs. IV and V before the conclusions in Sec. VI.
II. WALL MODEL DESCRIPTION
From the preceding discussions it should be clear that two different "wall models" are being considered here. Since these models are independent and have different functions, for the purposes of clarity we distinguish these as follows. Also see Figure 1 . The first is the predictive inner-outer wall model of Mathis et al., 7 described in Sec. II A. We will refer to this as the "PIO wall model." The second is the "LES wall model," described in Sec. II B. The purposes of this LES model is to avoid the necessity of resolving the inner wall layer while still providing an estimation of the wall friction velocity. Also, it gives a boundary condition for the outer-flow LES at a "virtual" wall located at a fixed height from the actual wall. In the present work, the LES provides a velocity signal as an input to the PIO wall model. It should be emphasized that the LES wall-model is independent of and does not require feedback from the PIO wall model, and vice versa.
A. Predictive inner-outer model
Marusic et al. 12 and Mathis et al. 7 proposed a quantitative model to reconstruct the fluctuating streamwise velocity field, u
, in the near-wall region, based on a single point observation of 
FIG. 1. Schematic description of two "wall models."
the large-scales in the log-region, u
where u + p is the predictive time-series at z + . The time-series u* represents a statistically "universal" signal of the small-scales at z + that would exist in the absence of any inner-outer interactions. The quantities α(z + ) and β(z + ) are, respectively, the superposition and modulation coefficients. The parameters u*, α, and β are determined experimentally during the calibration of the model and are hypothesized to be Reynolds number independent. Note that the model in Eq. (1) consists of two parts. The first part of the equation models the amplitude modulation effect of the small-scales (u*) by the large-scale motions (u + O L ). The second term models the linear superposition of the large-scale events felt at a given wall-normal position z + . In order to apply (1), u τ must be known. The only required input signal to the model is the large-scale fluctuating velocity signal from the log-region, u + O L (t), taken at the normalized wall-normal position where the calibration experiment was conducted, which is z
15 Re τ , the approximate geometric center of the log-region. 11 The large-scales signal is obtained by filtering first the raw signal to retain only length scales greater than a streamwise wavelength λ + x > 7000 (using Taylor's hypothesis). Then, a spatial shift is applied to account for the mean inclination angle of the large-scale structures. The final step is to retain the Fourier phase information of the large-scale component used during the calibration of the model. See Mathis et al. 7 for further details about the model and specific values of the parameters in Eq. (1) .
Here the distance from the wall, z, and the streamwise velocity component, u, are normalized by inner-scale variables so that z + ≡ z u τ /ν and u + ≡ u/u τ . Also, u* is normalized against u τ .
B. LES and LES wall model
Presently, we use LES of the zero-pressure gradient, smooth-wall, flat plate, turbulent boundary layer to provide a rake of velocity time series obtained at z + ≈ z p (z + , t) at each z + from which both wall-normal variation of several moments of the probability-density function of the steamwise fluctuating velocity can be obtained as well as longitudinal spectra (using a local Taylor hypothesis) within a region that is inaccessible to the LES. The LES is based on an extension of turbulent channel flow LES (Ref. 17) to the zero-pressure gradient, developing turbulent boundary layer. 14 
Chung and Pullin
17 developed a LES approach for near-wall flows based on combining the stretched-vortex SGS model with a tailored wall model. Their LES wall model begins with an analytic integration of the streamwise momentum equation across a constant-thickness, wall-adjacent layer. Using inner-scaling to reduce the unsteady term, this leads to an ordinary-differential equation (ODE) at each point on the wall for the wall-normal gradient of xy-plane filtered streamwise velocity η(x, y, t) w ≡ ∂ũ/∂z where (x, y, z) are streamwise, spanwise, and wall-normal co-ordinates, respectively. This ODE contains the actual no-slip wall boundary condition together with inertial transport and viscous source terms that can be obtained from the LES, thus coupling the ODE to the outer LES while providing dynamical computation of the local wall shear stress, τ w = μ η w , and hence the local friction velocity, u 2 τ ≡ νη w , at all points on the wall. Next, Chung and Pullin 17 apply the stretched vortex SGS model within a near-wall region where it is assumed that the subgrid vortex elements represent attached vortices in the presence of the wall with assumed scaling that is linearly proportional to their distance from the wall. This is intended to capture the principal dynamical behavior of longitudinal vortices in wall-normal transport of streamwise momentum. An integration then leads to a "log-like" relationship for the "filtered" streamwise velocity in an inner, modeled layer bounded above by a virtual wall at z = h 0 and below by the actual no-slip wall at z = 0,
where K 1 (x, y, t) is a Kármán-like "constant" and T ij is the subgrid stress tensor. They can be calculated dynamically in the LES and γ II = √ 2/π is a mixing constant obtained using Townsend's structure parameter, 17 K is the local SGS kinetic energy, and h + ν = 10.23 is an empirical parameter that appears as an integration constant in obtaining (2a). Since u τ is known from the numerical solution of the ODE and K 1 (x, y, t) is provided by the LES, then (2) can be used to provide a slipvelocity boundary condition,ũ(h 
III. SIMULATION DETAILS

A. Numerical method
The fractional-step method 18 is used to solve the three-dimensional, incompressible, LES versions of the Navier-Stokes and continuity equations with periodic boundary condition in the spanwise or y-direction. Explicit, fourth-order finite differences on a staggered grid are used to approximate x and z-derivatives, while a Fourier spectral method is utilized for y-derivatives. Conservation of kinetic energy in the inviscid limit is achieved by the numerical scheme with the use of staggered grids. 19 Scalable parallelization is achieved using a message passing interface. Details of the algorithm are described in Inoue and Pullin.
14 The inflow generation scheme of Lund et al. 20 combined with the mirroring method proposed by Jewkes et al. 21 was used for all LES. This is shown to almost completely remove the spatially quasi-periodic effect in the overall LES.
14 It may also allow shorter domain sizes in both DNS and LES of spatially developing boundary-layer flows, although not discussed in this paper.
B. LES performed
The present LES, summarized in Table II , were designed to match experimental conditions reported 7, 11 based on Re θ = θ U ∞ /ν, where θ is the local momentum thickness and U ∞ is the free-stream velocity. The grid is uniform, x = y = 3 z , throughout the simulation domain. The raised wall is at h 0 = 0.18 z for all LES independent of resolution. To capture the physics of long large-scale structures, we use long streamwise domains with L x /δ 0 = 72, where δ 0 is the inlet boundary-layer thickness. LES were performed in a domain ( 
, where δ 0 is the inlet boundary-layer thickness. The velocity signal was taken from x stat = 0.75L x except for case 62k-τ , where x stat = 0.45L x . dt is a time step size, T + ≡ T u 2 τ /ν is the normalized time interval over which the velocity signal was obtained. Re τ , 99 = u τ δ 99 /ν and δ 99 is the 99% boundary layer thickness. δ c is the boundary layer thickness defined in Perry et al. 22 Kármán constant K 1 from (2b) and an additive constant B from (2a). It should be noted that grid resolutions here are chosen such that z + O will be located at approximately z O ≈ 5 z/2 (third wall-normal grid point) so as to minimize the effect of the under-resolved region close to the virtual wall where the LES wall-model provides a slip velocity as a boundary condition. An exception is case 19k-θ L whose results show some effect of resolution (see Figure 8 ). Since z + O is fixed in inner scaling, then with the present uniform-grid LES and with a maximum of order 400 grid-points in the wall-normal direction this requirement limits presently attainable values of Re τ , for the application of the current LES combined with the PIO wall model, to Re τ = 2.0 × 10 5 . We will subsequently refer to two sets of LES as intermediate (7. 3k-θ , 13.6k-θ , 19k-θ L,H of Table I ) and large (62k-τ , 100k-τ , 200k-τ ) Reynolds number, respectively. It should be emphasized that due to the above requirement to resolve the log-layer wall-normal location z
15Re τ , the grid point resolution used in the present PIO-LES model is rather more severe than the requirement of wall-modeled LES given by Chapman 25 or Choi and Moin. 26 Each LES was run for 3-4 free-stream particle transit times through the domain, until statistical steady state was achieved, prior to the commencement of data sampling to calculate both timeaveraged quantities and also the required velocity time series. Values of the LES sampling time period, T + ≡ T u 2 τ /ν, normalized on the wall-unit time ν/u 2 τ are shown in Table I , which also lists some integral quantities. We note that the LES does not resolve the viscous, wall-time scale ν/u 
C. Skin friction and mean velocity profiles
The variation of U ∞ /u τ versus Re θ along the streamwise direction for intermediate Reynolds number is shown in Figure 2 . Also shown are experimental measurements 7 and the semi-empirical Coles-Fernholz relation. 27 The wall-friction velocity u τ and, therefore, the wall shear stress are provided directly from the ODE incorporated in the LES wall model. The S-factor profiles show a hill or bump after the inlet, also seen in DNS studies, 28 which is perhaps the effect of non-equilibrium following inlet as a result of the recycling procedure. 21, 29, 30 Note that the rake of velocity time series is taken well downstream of the hill where the effect of the inflow generation method is not visible. Our results over-estimate the S-factor of the experimental measurements by about 1.5%. Meanwhile the Coles-Fernholz gives a reasonable representation of the LES variation of U ∞ /u τ across those sections of our Re θ range, where the boundary layer appears to be in equilibrium.
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Reynolds number dependency of U ∞ /u τ for cases 7.3k-θ , 13.6k-θ , and 19k-θ H. Solid lines; LES results, each line corresponds to each simulation case. : locations where the velocity time series is taken. ×: corresponding experimental measurements. 7 Dotted-dashed line: Coles-Fernholtz relation. 27 It is evident from Table II that there are small but systematic differences in Re τ between the present LES and experiment at matched Re θ . It is well known that the boundary-layer thickness δ can be a poorly conditioned quantity as it depends on the measurement of a small velocity difference and various definitions exist. Presently, we use both a 99% velocity thickness δ 99 , with Re τ , 99 ≡ δ 99 u τ /ν, and also a thickness δ c , based on a modified Coles law of the wake fit, 22 with Re τ , c ≡ δ c u τ /ν. Values of Re τ , c obtained independently from both LES and experiment are reasonably closely matched. See Table II for integral quantities of each simulation case and its corresponding experimental measurements. Figure 3 shows LES mean velocity profiles in inner-scaling, u + = u/u τ , for all Reynolds numbers compared with experimental measurements where available. LES captures the mean velocity profile reasonably accurately. We remark that the mismatch seen in the case 62k-τ is affected by the difference in Re θ between the LES result (1.71 × 10 5 ) and corresponding measurements (1.56 × 10 5 ). The symbol "×" indicates the wall-normal location (z
where the largescale velocity signal, u + O L (t), is measured in LES. Although small, there seems to be a drop off in u + towards the virtual wall. We interpret this as the influence of a logarithmic-layer mismatch. 31 TABLE II. Reynolds number and ratio U ∞ /u τ for each LES and corresponding experiments. 7, 11, 23, 24 S-factor; S ≡ U ∞ /u τ . Re θ = U ∞ θ /ν and θ is the momentum thickness. Re τ , c = u τ δ c /ν is a Reynolds number based in boundary layer thickness δ c .
Case 7 and that at Re τ = 62 000 is from Winkel et al. 24 The symbol "×" marks the location of where the large-scale component is measured. Profiles are displaced 5 units of u/u τ for clarity. Dashed-lines are log law using K 1 from (2b) and an additive constant B from (2a). Also see Table I .
IV. RESULTS AT INTERMEDIATE REYNOLDS NUMBERS
The velocity signals recorded in LES are now filtered to extract the large-scale fluctuating velocity u + O L (t), an input to the predictive inner-outer model. In Secs. IV A-IV D, we discuss our observations of the predicted statistics, including spectra and some higher order moments within the inner region. The effects of resolution and the length of velocity time series are also discussed. We will refer to three distinct type of results: direct experimental measurements (Exp), inner-layer predictions obtained using the PIO model with u Figure 4 shows a comparison of the predicted streamwise turbulent intensity profile, LES-PIO, against experimental measurement (Exp) and prediction (Exp-PIO). Also included in Figure 4 is the turbulent intensity profile from LES over z + > h + 0 containing SGS corrections to the resolvedflow calculated as u 2 = u u + T xx . The predicted LES-PIO u rms /u τ = u 2 /u 2 τ profiles capture the essential features of the energy, including the slight increase of the near-wall peak with increasing Re τ . The LES is seen to underestimate the intensity in the outer-region. This comes from the fact that not all scales are resolved with LES, which led to a slight underestimation of the turbulent intensity due to the missing small-scale energy content in the outer-region (which has a small, but noticeable, contribution). However, since only the large-scale component is needed for the PIO model, this does not affect the prediction. Furthermore, the good agreement between LES-PIO and Exp-PIO results demonstrates the capabilities of LES to capture accurately the large-scales required as input to the PIO model. This lends support toward the direct use of the PIO model in conjunction with, or instead of, the LES wall model. Figure 5 shows the pre-multiplied energy spectra of the streamwise velocity fluctuations, k x uu /u of λ + x = 7000. This constitutes another limiting factor for higher Reynolds number application of the current LES as it is necessary to take smaller dt as Reynolds number increases to fulfil this requirement.
A. Streamwise turbulent intensity
B. Longitudinal spectra of streamwise velocity
The contour maps of predicted pre-multiplied energy spectra, k x uu /u 2 τ , shown in Figure 6 , indicate that the Reynolds number effects are well captured by the LES-PIO model. Particularly, the increasing large-scale energy content with increasing Re τ . A closer view of the pre-multiplied energy spectra is given in Figure 7 , at the inner-peak location z + 15 and for two Reynolds numbers, Re τ = 7300 and 19 000. Again, excellent agreement is observed. However, in Figures 6 and 7(a) distinct discontinuity or a hump is observed around λ + x 4000−7000. This discontinuity is attributed to the fact that the model in Eq. (1) combines signals from two different data sources, LES and experiments, which are not synchronized together (even if the purpose of Fourier phase shift is to attempt to resolve this issue). Therefore, there is an overlap in the spectral domain between the universal signal u* and the large-scale input component u + O L , which induces this discontinuity. There are also nonlinear effects in Eq. (1) arising from multiplying two time series with different spectral support. Nevertheless, this does not propagate nor does it contaminate other statistics due to the fact the discontinuity has a very low energy.
C. Signal length and resolution effects
To ensure that results are not sensitive to the signal length provided by LES, sensitivity tests were performed for all the cases using elongated velocity signals constructed from concatenation of signals from different spanwise locations. Spanwise locations were at least 2δ 0 apart to obtain uncorrelated signals. The results (not shown) do not make noticeable changes to the predictions. This is because the largest scales are already captured and converged in the time series obtained at a single location, allowed by the large computational domain used by the LES, (L x , L y , L z ) = (72δ 0 , 6δ 0 , 4δ 0 ). 
D. Measurement location and cut-off wavelength effects
As discussed in Sec. II A, the Reynolds number independent model parameters u*(z + , t), α(z + ), and β(z + ) are calibrated using filtered experimental measurement of the streamwise velocity signal taken from z 
V. RESULTS AT LARGER REYNOLDS NUMBER
A. Turbulence intensity and spectra
The combined LES-PIO model has been shown to fairly accurately reconstruct the near-wall field at intermediate Reynolds numbers. Particularly, a good agreement has been found with experiments and Exp-PIO predictions. Now we test the model at higher Reynolds numbers, Re τ = 62 000, 100 000, and 200 000, filling the gap between laboratory and atmospheric surface layer data. It should be noted that at such high-Re τ there is no experimental data available in the near-wall region for comparison, and outer-region data are only available for Re τ = 62 000. Figure 10 depicts the predicted streamwise turbulent intensity profiles along with LES and experimental results. SLTEST data and corresponding Exp-PIO results have been included as an indicator of the predicted trends of turbulence intensity obtained from experiment. As discussed previously, the LES tends to underestimate the intensities in the outer part of the boundary layer, due to the missing small-scale energy content, but the essential Re τ dependency feature is well captured. The magnitude of the LES-PIO intensity results at Re τ = 62 000 are in good agreement with experiment, at least where the measurements and the prediction intersects. The SLTEST prediction, at Re τ = 1.4 × 10 6 suggests that at high-Re τ a second peak in the streamwise turbulent intensity profile emerges, and the LES-PIO results appear to support this. However, it should be recalled that the PIO model has been built using hot-wire measurements where a normalized sensor length, l + = lu τ /ν = 22, was used. Therefore, u* and u + p in Eq. (1) have the same spatial resolution characteristic, and the emergence of the second peak might be a result of spatial resolution issues. 34, 35 Nevertheless, the existence of an outer peak remains an open question. Based on the diagnostic plot, 36 Alfredsson et al. 15 suggested that an outer peak does exist at z + = 0.81Re 24 and at Re τ = 1.4 × 10 6 from SLTEST. The symbol "×" marks the location where the large-scale component is measured. 33 to an assumed wire length of l + = 3.8; The open-circle symbols ( ) are a compilation of results from where l + ≤ 10, including DNS and experimental measurements from channel flow, boundary layer, and atmospheric surface layer (see Hutchins and Marusic 6 for details). Figure 11 shows the Reynolds number dependency of the near-wall peak in u 2 /u 2 τ , for Exp-PIO and all LES-PIO results, along with available data from the literature. Also included are the spatially corrected Exp-PIO and LES-PIO results using the correction scheme proposed by Chin et al. 33 to take into account the spatial resolution effects of the PIO model (l + = 22), where the missing energy is modeled using two-dimensional spectra from DNS of turbulent channel flow. Overall, the LES-PIO follows the general trends of both direct measurement and Exp-PIO and support loglike increase in u 2 /u 2 τ with increasing Re τ . In particular the three high-Reynolds number LES-PIO results are seen to fall within a large gap between laboratory and SLTEST estimates. Two empirical fits to the data are shown in Figure 11 . The log-relation
has the same gradient proposed by Marusic et al. 38 using measurement with consistent l + , whereas other studies presented different slopes. [6] [7] [8] We comment that experimental measurement of the logarithmic growth remains uncertain owing in part to variable hot-wire sensor size l + that can produce attenuation effects in the measured peak turbulent intensity: see Hutchins et al. 34 and Orlü et al. 39 for a review of measurement techniques and related issues. This potential source of uncertainty in our results is insignificant owing to the fact that our results are essentially equivalent of using constant hot-wire sensor size of l + = 22 and that they cover presently a wide range of Reynolds number.
The energy content of all LES-PIO prediction, for cases 7.3k-θ , 19k-θ H, 62k-τ , and 200k-τ , are given in Figure 12 for the inner-peak location, z + 15. Again, it can be observed that the increasing large-scale energy with increasing Re τ is well captured by the LES-PIO, identically to the Exp-PIO model shown in Mathis et al. 
B. Higher order statistics
Direct LES and LES-PIO results for skewness and kurtosis are shown compared with direct experimental measurement and also Exp-PIO results in Figure 13 . The LES-PIO results show excellent agreement with experiment in the inner layer, while Exp-PIO and the LES-PIO results are indistinguishable. The results of direct LES in the outer layer are overall good up to the edge of boundary layer, except for a few grid points near the virtual wall. As in turbulent intensity prediction, 7 The highest Reynolds number case corresponds to SLTEST data. The symbol "×" marks the location of where the large-scale component is measured. For key see Figure 10 . a discontinuity can be seen between the inner-layer LES-PIO results and the direct outer-layer LES results (see Figures 4 and 10) . It should be noted that the PIO model does not guarantee that the predicted value should exactly match the actual value that the velocity signal itself has at z + = z + O . The velocity signal used as an input only contains the fluctuations of the larger scale components. In a LES context, the input signal is a resolved scale signal without a sub-grid contribution, while the numerical values shown as outer-layer LES calculation in each figure contain a sum of resolved and estimated sub-grid contributions (u 2 = u u + T xx , for example), Figure 14 shows the predicted LES-PIO skewness and kurtosis for all present Reynolds numbers. The small but definite Reynolds number dependency is clear. Such Reynolds number dependency of the third and fourth moments have previously been reported by Metzger and Klewicki, 8 arguing that this trend is caused by the growing influence of the large-scales with Re τ . More recently, Mathis et al. 40 have shown that the increase in the skewness profile is closely related to an increasing effect of amplitude modulation with Re τ , a nonlinear effect from large-scale signal rather than a simple superposition. 8 Our results indicate that this effect continues to grow.
VI. CONCLUSIONS
The present approach utilizes large eddy simulation 14, 17 together with an inner-outer predictive model 7, 12 to calculate the statistics of the fluctuating streamwise velocity in the inner region of the zero-pressure gradient turbulent boundary layer. The LES provides a time series of the streamwise velocity signal within the logarithmic region, which is then filtered and used as an input for the inner-outer predictive model to provide a streamwise fluctuating velocity within a region which is inaccessible to both the present LES (with a wall model) at all Reynolds numbers and present experimental measurements at very high Reynolds numbers.
We first tested the effectiveness of this approach at intermediate Reynolds number, Re τ ∼ 7300, 13 600, and 19 000. This reproduced velocity fluctuations within the near-wall region, approximately 0 ≤ z + < 360, with reasonable agreement with direct experimental measurements for the streamwise turbulent intensities. Although small discontinuities are observed in the predicted pre-multiplied energy spectra map, the composite model captures the general trend of its energy distribution including the inner peak and a suggestion of the existence of outer peak in the wall-normal profile of turbulent intensities. It has also been shown that the deviations of the predictions from experiments are of the same order as those obtained using the velocity signal taken from experiments as input to the inner-outer predictive model. Time series obtained from the LES used as input to the innerouter predictive model then provided predictions at the substantially larger Reynolds numbers of Re τ = 62 000, 100 000, and 200 000. Further, higher order statistics comprising the skewness and kurtosis of the streamwise velocity fluctuations up to Re τ ∼ O (10 5 ) were also obtained and shown to give good agreement with experimental measurements at intermediate Reynolds numbers.
The LES appears to provide a large-scale velocity signal from the log-region that contains increasing energy in large-scale motions. As observed in the predicted pre-multiplied energy spectra profiles, the near-wall fluctuations contain an enhanced energy content in the large-scale motions with increasing Re τ , which is consistent with previous experimental observations. Owing to this large-scale energy increase, the inner-peak turbulent intensity increases as log (Re τ ). An increasing effect of amplitude modulation with Re τ is also observed in the skewness profile. The LES-predictive inner-outer results support a loglike increase in the inner peak of the streamwise turbulence intensity with increasing Re τ and provide prediction within a gap in log (Re τ ) space between present laboratory measurements and surface-layer, atmospheric experiments. Overall, the LES appears to successfully capture the very large-scale motions that are hypothesized to drive this increase within the predictive inner-outer model.
Two principal advances of the present work can be summarized as follows: First, velocity time series obtained from LES and used as input to the inner-outer predictive model can be used to extend the wall-normal range of the LES well into the near-wall region. This has been demonstrated for the zero-pressure gradient, smooth-wall turbulent boundary layer, but the methodology appears sufficiently robust to be applicable to other wall-bounded turbulent flows such as pipe and channel flows and boundary layers in the presence of pressure gradients. Second, the results have provided predictions of the dependence of the near-wall peak in streamwise turbulent intensities that are beyond the range of present-day laboratory experimental facilities.
